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For metallic point contacts with Be and Al the magnetoquantum oscillations in the contact
resistance have been investigated as a function of the applied voltage over the contact. For one
set of point contacts the oscillation amplitude is found to vary nonmonotonously with the applied
voltage with similarities to the point-contact spectrum of the electron-phonon interaction. The other
part of the investigated point contacts shows a decrease of the oscillation amplitude with increasing
bias voltage. For the understanding of the voltage dependence of the amplitude of the point-contact
magnetoresistance oscillations the influence of nonequilibrium phonons generated by the ballistically
injected electrons will be discussed.
PACS numbers: 71.38.-k, 73.40.Jn, 74.25.Kc, 74.45.+c
I. INTRODUCTION
In a magnetic field B the permitted electronic states in
k-space are located on the so-called Landau tubes. The
cross-sections of these tubes are determined by the condi-
tion of area quantization in a plane perpendicular to the
magnetic field direction. If one considers the tube with
the largest area of cross-section which is still partially in-
side the Fermi surface (FS), its occupied part will shrink
as B increases and vanishes with infinite rate at the mo-
ment the tube touches the FS. Such an abrupt decrease
of the occupation occurs periodically in the inverse field
1/B causing the oscillation of free energy and magneti-
zation (de Haas-van Alphen effect) as B changes. The
frequency F of such oscillations is given by the Onsager-
Lifshitz relation
F = (h¯/2pie)A, (1)
where A is the extremal area of the FS cross-section.
Blurring the boundary between occupied and unoccu-
pied states at finite temperature T reduces the amplitude
of the oscillations. The corresponding reduction factor is
RT =
2pi2nkBT/h¯ωc
sh(2pi2nkBT/h¯ωc)
; (2)
where n is the harmonic number of the oscillations and
ωc = eB/m the cyclotron frequency. Furthermore, due
to elastic scattering on the impurities the momentum re-
laxation time of the electrons becomes finite. This leads
to the broadening of the Landau levels and accordingly
decreases the amplitude nearly in the same way as if the
temperature rises from the actual value T to Teff = T+x.
The corresponding reduction factor (named Dingle fac-
tor) has the form
RD = exp(−2pi2kBnx/h¯ωc), (3)
where x = h¯/2pikBτ is known as the Dingle temperature.
As it follows from the theory for noninteracting parti-
cles, the contribution to the Dingle temperature results
from any electron scattering process including electron
phonon collisions [1]. However, with many-body effects
taken into account, the scattering of electrons on phonons
seems not to influence the Dingle temperature [1]. For
rising temperatures, the additional electron scattering by
phonons is compensated by the decrease of effective mass
m∗ approaching the ”bare” mass value m. This is due
to the fact that the reduction factor RT for the tempera-
ture dependence keeps almost exactly the same form but
the ”bare” mass m of the electrons in Eq.(2) should be
replaced by the effective mass m∗(T ) = m(1 + λ(T ))
renormalized for the electron-phonon interaction (λ is
the electron-phonon interaction (EPI) parameter). Al-
though the EPI renormalizes the cyclotron mass which
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2determines the reduction of amplitude with temperature,
it has no influence on the mass value involved into the
Dingle factor RD related to collision broadening, i.e. the
”bare” mass m has to be taken into expression (3) [1].
In traditional experiments of magnetic oscillations the
investigation of the effect of the electron-phonon interac-
tion on the amplitude of the oscillations is only possible
for a limited number of metals with a low Debye tem-
perature (e.g. Hg), where phonons may be excited at
temperatures low enough for the oscillations to be ob-
served. Point contacts with the size of tens or hundreds
of angstroems present a unique opportunity to study the
effect of nonequilibrium phonons generated in the con-
tact on the amplitude of the magnetic oscillations. The
simplest model of the contact is a circular orifice in a thin
nontransparent screen, separating two metal half-spaces.
If the contact size (diameter d) is small compared to the
inelastic mean free path le of the electrons, a voltage V
applied over the contact yields a nonequilibrium distri-
bution of the electrons with a well-defined energy eV .
To put it differently, the electrons are being divided into
two groups with a difference eV in the Fermi level ex-
actly given by the applied voltage [2], In this case the
electrons with an excess energy can make a transition to
a lower energy emitting one phonon. The multi-phonon
emission processes also take place, but their probability
is much less. These emission processes lead to a voltage-
dependent increase in the contact resistance containing
detailed information on the energy dependence of the in-
elastic scattering of the electrons [3]. The experimen-
tal study of nonlinear current-voltage characteristic of
point-contacts (a technique known as point-contact spec-
troscopy) has been successfully applied for the direct de-
termination of the Eliashberg function α2F (ω) for the
electron-phonon interaction.
Thus, by the bias applied across the contact, the
nonequilibrium phonons are generated in the contact area
with any possible value of energy up to eV . It is of a great
importance to note that, due to le > d, only a small frac-
tion of the total power is released in the direct vicinity of
the contact area and the temperature of the contacting
banks of the contact remains practically equal to that of
the helium bath. With the used technique with mechan-
ical adjustment of the point contact the elastic mean free
path li of the electrons in the construction area is of the
same order as the contact size d which is much less than
the mean free path in the electrode. In this case the con-
tact resistance for zero bias in the model of a circular
orifice is determined by the Wexler formula [4]
R0 =
16ρl
3pid2
+ β(li/d)
ρ
d
, (4)
where ρl = pF /e
2n0 is the product of resistivity ρ and
mean free path l of the electrons, constant for a given ma-
terial; pF the Fermi momentum and n0 the charge carrier
density, β(li/d) in Eq.(4) is a monotonously decreasing
function of li/d with β(0) = 1 and β(∞) = 9pi2/128. In
this expression the first term describes the Sharvin com-
ponent of the point-contact resistance, which is indepen-
dent of the electron mean free path and is determined
by the topology of the FS for a given metal. The sec-
ond term is the Maxwell component of the pointcontact
(PC) resistance which depends on the metal purity in the
constriction area. When a magnetic field is applied to a
point its resistance shows an oscillating component as a
result of the quantization of the electron energy spec-
trum [5, 6]. The oscillations of the PC resistance have its
origin in both the Maxwell and the Sharvin part of the
resistance, depending on the parameters of the metal.
In the contacts with usual metals the Larmor radius
rB of the electrons in fields up to 20 T exceeds the typi-
cal contact diameters (for instance, for berilium only for
the largest contacts with d ≈500 A˚ and for B=10 T, cor-
responding to rB = m
∗vF /eB =3000 A˚, the quantities
become comparable). Therefore, the magnetoquantum
oscillations in the point-contact resistance are mainly
the result of quantizing conditions in the neighbouring
banks near the constriction. The oscillations in the den-
sity of states yield oscillations in the Sharvin component
of point-contact resistance. This constitutes an essential
difference with the observed oscillations of the magne-
toresistance in semimetal point contacts [5] (where the
Maxwell component of the resistance oscillates), and the
ordinary Shubnikov-de Haas (SdH) effect in bulk con-
ductors, caused by quantum oscillations of the collosion
integral [1].
It is quite surprising that the influence of impurities
in the constriction area is opposite to the usual depen-
dence as expressed by the Dingle reduction factor for bulk
material. When the magnetic field is applied parallel to
the contact axis impurities in the contact area increase
the amplitude of the magnetoresistance oscillations [7, 8].
The contribution to the magnetoquantum oscillations
comes mainly from the areas of extremal crosssection of
the FS perpendicular to pz (the z-axis is parallel both to
the magnetic field direction and the point-contact axis).
The small value of the velocity component vz of the
3FIG. 1: Scattering of electrons moving along the quantized
orbits, by the nonequilibrium phonons (denoted by stars) ac-
cumulated near the contact. In a scattering event an electron
changes its momentum along z with on average a more effec-
tive contribution to the current, for initial states with a small
negative vz-component (a) and a zero vz-component (b).
charge carrier transport through the ballistic constriction
yields only quite small oscillations in the Sharvin compo-
nent of the resistance. In the presence of elastic scatter-
ers in the contact area the momenta of the electrons get
an isotropic distribution of directions (Fig.1), leading to
an effective increase of the z-component of the transport
velocity for the electrons on extremal cross-sections and
correspondingly to an increase of the magnetoquantum
oscillations in the Sharvin component of PC resistance.
The presence of elastic scatterers in neighbouring banks
causes the increase of the Dingle temperature and thus
the decrease of the oscillation amplitude.
The first experiments on the investigation of the effect
of nonequilibrium phonons on the amplitude of point-
contact magnetoresistance oscillations are described in
Refs.[5, 6]. In the discussion of the obtained experimen-
tal results in Ref.[5] only overheating of the electron gas
in the contact area was considered while in Ref.[6] two al-
ternative mechanisms of damping were proposed, namely
the Dingle temperature rise due to electron-phonon scat-
tering and the Joule heating of the contact area.
In the present work we report on the experimental
study of the influence of nonequilibrium phonons on the
quantum oscillations in Be and Al point contacts. These
metals were chosen because of the presence of electron
pockets with small effective masses which allows to ob-
serve the oscillations in rather weak magnetic fields. It
should be marked that in the point-contact experiments
the metallic contact is used both for the observation of
magnetoquantum oscillations in the resistance and for
the generation of nonequilibrium phonons by means of
an applied voltage over the contact.
II. SAMPLES AND EXPERIMENTAL DETAILS
The studied point contacts of Al and Be were formed
between the edges of two single crystal electrodes with
the same orientation. In the case of Be the contact axis
coincided with the crystallographic c-axis while for Al it
was parallel to the (110)-axis. The applied magnetic field
(< 10 T ) was always parallel to the contact axis. The
electrodes were chemically polished in order to remove
the defect layer resulting from the spark cutting. Both
a technique of mechanically shifting the electrodes along
the edges [9] and an electroforming method [10] were used
for the contact adjustment at liquid helium temperatures.
All experiments were done at 1.3 K. The first and second
derivatives of the current (I)-voltage (V ) curves were ob-
tained by conventional modulation techniques with data
registration as a function of the applied voltage and
magnetic field. The characteristics dV/dI(V )|B=const,
dV/dI(B)|V=const and d2V/dI2(V ) have been measured.
Fig.2 presents an example of the
d2I/dV 2 ≡ −(d2V/dI2)/(dV/dI)3 spectrum of a
Be contact of 16.24 Ω, the oscillating component of
magnetoresistance and its Fourier transformed spec-
trum. The spectrum shows clearly the structure between
40 and 80 meV , which can be related to the α2F (ω)
function for the electron-phonon interaction. The mag-
netoquantum oscillations studied in the Be resistance
correspond to third-band electron surface (cigar) with
frequency 985 T as known from de Haas-van Alphen
experiments [11]. For various bias voltages across the
contact the oscillations of R(B) = dV/dI(B) were
recorded in the same magnetic field interval (as a rule
in the range between 8.5 and 10 T ). Fig.3 presents the
fragments of such records for two different bias voltages
of an Al-Al point contact. For the Al contacts the
4FIG. 2: (a) d2I/dV 2(V ) spectrum and (b) resistance versus
magnetic field for zero bias voltage of a Be point contact of
R = 16.24 Ω. The magnetic field was oriented parallel to the
c-axis of beryllium and parallel to the point contact axis. (c)
Fourier transform of (b) when plotted against 1/B.
investigated oscillation corresponds to the third zone
γ-pocket with frequency 290 T [12]. After the recording
of the field dependent curves for several bias voltages,
the record for V = 0 was compared with the initial
one in order to check the contact stability during the
measurements.
Contacts with different resistances (from 0.6 to 20 Ω,
background levels (from 30% to 85%) in the high voltage
FIG. 3: Fragments of magnetoresistance oscillations for an Al
point contact of R = 141 Ω for two different bias voltages.
part of the d2I/dV 2(V ) spectrum and degrees of point-
contact spectrum broadening were studied. For metals
like Be and Al the given resistance values correspond to
contact diameters ranging from 50 to 500 A˚. A full set of
characteristics for the voltage and magnetic field depen-
dences could be obtained for five Al and five Be contacts.
In the given magnetic field interval the amplitude of the
oscillations was obtained by means of a Fourier analysis.
Since the dV/dI(B) |V=const. curves were measured at a
constant modulation current while the differential resis-
tance increases with applied bias (increase up to 10% in
the Debye energy range), the obtained amplitudes were
normalized for a fixed modulation voltage (the value mea-
sured at zero bias). Figs. 4-6 present typical results for
the measured contacts. For one group of the investigated
point contacts the oscillation amplitude A1 of the PC
magnetoresistance increases with increasing bias and its
voltage dependence is similar to the point-contact spec-
trum of the electron-phonon interaction (Figs.4 and 5).
Some of the aluminium contacts exhibit a nonmonotonic
decrease of the amplitude as a function of voltage (Fig.6).
In the following we discuss the possible reasons of such
dependencies.
III. DISCUSSION
The relaxation of the injected electrons in the point-
contacts leads to the generation of phonons via sponta-
neous emission processes. The resulting nonequilibrium
distribution of the phonons will depend on the applied
voltage over the contact. In analogy with the discussed
5FIG. 4: (a) d2I/dV 2(V ) spectrum of an Al point contact of
R = 1, 41 Ω. (b) Relative magnitude of the first harmonic of
the point-contact magnetoresistance oscillations versus bias
voltage. At V = 0 mV and B = 9.5 T , ∆R/R0 ≈ 5× 10−4.
influence of elastic impurity scattering, the scattering of
the electrons with these nonequilibrium phonons will in-
fluence the amplitude of the magnetoresistance oscilla-
tions. As for the elastic scattering, this phonon-induced
scattering has a quite different effect on the quantum
oscillations for scattering processes in the centre of the
contact (with resulting increase of amplitude) compared
with scattering in the banks of the constriction (with
resulting decrease of amplitude). In the following we
will only give a qualitative discussion of the generated
phonon distribution and its influence on the magneto-
quantum oscillations. Although the elastic mean free
path li of the electrons is of the order of the contact
diameter d for mechanically adjusted point contacts, the
diffusion length Λe = (lile)
1/2 for inelastic relaxation is
mostly larger than the contact dimension. At the Debye
energy the ballistic mean free path le for inelastic scat-
tering equals approximately 3000 A˚ for aluminium and
1500 A˚ for beryllium.
Apart from the impurities that have a weak influence
FIG. 5: (a)d2I/dV 2(V ) spectrum of a Be point contact of
R = 8.66 Ω. (b) Relative magnitude of the first harmonic of
the point-contact magnetoresistance oscillations versus bias
voltage. At V = 0 mV and B = 9.5 T , ∆R/R0 ≈ 2× 10−3.
on the elastic mean free path lphi of the phonons although
being effective scatterers for the electrons, the pressure-
type contacts contain as a rule a great number of lattice
defects. These defects have little influence on the elastic
mean free path of electrons li, but reduce significantly the
elastic mean free path lphi of the nonequilibrium phonons
generated by the flow of electrons through the constric-
tion [13]. If lphi < d, the additional electron scattering
by the nonequilibrium phonons causes a background in
the point-contact spectrum (voltage independent value of
the second derivative curves d2I/dV 2(eV ) at eV > h¯ωD)
comparable with the spectral part of the point-contact
spectrum of EPI. In this case a nonequilibrium distri-
bution of phonons is established in the contact with an
effective temperature dependent on the position with re-
spect to the contact and on the reabsorbtion coefficient
of phonons in the contact area.
The nonequilibrium distribution of the phonons in
a point contact differs from Planck’s one by the ex-
istence of a cut-off at h¯ωD = eV (for details see
Ref.[13]). In this description of the nonequilibrium
6FIG. 6: (a) d2I/dV 2(V ) spectrum of an Al point contact of
R = 8.73 Ω (b) Relative magnitude of the first harmonic of
the point-contact magnetoresistance oscillations versus bias
voltage. At V = 0 mV and B = 9.5 T , ∆R/R0 ≈ 3× 10−3.
FIG. 7: Schematic representation of theoretically predicted
[14] behaviour of the electron-phonon interaction parameter
λ versus voltage bias near the orifice. Solid and broken lines
correspond, respectively, to the infinitesimal small and fi-
nite widths of the phonon band at the characteristic energy
eV = ν0. The inset shows an electron distribution function
of a ballistic point contact in the centre of the orifice.
distribution one can define a diffusive mean free path
Λphe = (l
ph
i l
ph
e )
1/2(ωD/ω)
1/2 for the distance over which
the nonequilibrium phonon looses its energy. Here lphe is
the ballistic inelastic mean free path of the phonons. For
Debye energies lphe equals by order of magnitude the in-
elastic mean free path le of the electrons and has the same
energy dependence, i.e. decrease of lphe at the character-
istic phonon frequencies. The high-frequency phonons
having the smallest Λphe /d ratio are accumulated near
the orifice and strongly interacting with the electrons.
The low-frequency phonons (larger Λphe /d ratio) domi-
nate in the banks. Assuming the exact analogy with the
impurity-scattering, the scattering of the electrons in the
contact area causes the randomization of the momenta of
the electrons. In this case the current distribution of the
z-component of the velocity at extremal cross-sections
of the Fermi surface increases in a magnetic field lead-
ing to an increase of the magnetoquantum oscillations.
The electron scattering with generated phonons arriving
in the banks leads to a reduction of the amplitude of
the oscillations. The resulting voltage dependence of the
amplitude of the point-contact magnetoresistance oscil-
lations is determined by the balance between these two
processes.
For high Ohmic contacts with aluminium (R > 5 Ω,
d < 150 A˚) the decrease of the oscillation amplitude with
increasing bias voltage is always observed. These con-
tacts are small compared to the phonon mean free path
and all phonons are leaving for the banks before scatter-
ing with electrons in the contact centre takes place. The
electron-phonon scattering in the banks reduces the am-
plitude of the oscillations. For low Ohmic contacts with
aluminium the inequality Λphe > d is not so rigorous and
the phonons accumulate in the contact area. The result-
ing scattering with electrons in the contact region leads to
the observed increase of the oscillation amplitude. One
would expect a correlation between the increase of the
magnetoresistance oscillations and the occurrence of a
pronounced background signal in the second derivative
d2V/dI2(V ) spectra due to the accumulation of nonequi-
librium phonons in the contact area. Unfortunately, we
have not seen such a correlation in the data.
As for beryllium, the increase of the amplitude of mag-
netoresistance oscillations with bias rise was observed for
all contacts. It is probably connected with extremely
high rigidity of the Be crystal lattice. As a consequence,
the deformations formed during contact creation would
be stopped near the surface and do not spread to the bulk
7material thus creating efficient reflectors concentrating
the phonons in the contact.
The given qualitative model for the voltage depen-
dence of the point-contact oscillations explains only the
monotonous part of the voltage dependence but not its
similarity to the structure in the EPI spectrum. The
phonon energy relaxation length Λω will decrease step-
wise at voltages corresponding to the phonon frequencies
(alike the electron energy relaxation length Λe). There-
fore, the voltage dependence of the amplitude should be
expected to be similar to the continuous first derivative
curve dV/dI(V ). In the following we discuss the energy
dependence of the mass-renormalization for the nonequi-
librium electrons in a point contact as a possible reason
for the nonmonotonous structure observed.
It was predicted in Ref.[14] that the electron mass
renormalization parameter λ for the effective mass
m∗ = m(1 + λ) differs from the equilibrium value λ0 in
the vicinity of the orifice. For an applied voltage over a
ballistic contact the resulting nonequilibrium distribution
of the electrons differs from the spherical Fermi sphere
that would give the equilibrium value λ0 for the electron-
phonon enhancement factor. For the energy distribution
of a ballistic contact (see inset of Fig.7 for this distribu-
tion in the centre of the contact) λ will depend on the
applied voltage. In the centre of the contact one finds
[14]
λ(eV ) =
λ0
2
[
1 + ν20/
(
ν20 − (eV )2
) ]
(5)
for an Einstein model of the phonon distribution with
phonon energy ν0. The expected behaviour of λ(eV ) is
shown schematically in Fig.7. It can be seen that for high
voltages the mass renormalization has been reduced by
a factor 2 because only half of the Fermi sphere takes
part in the mass renormalization for the nonequilibrium
distribution in a point contact (see inset of Fig.7). For
eV = ν0 a resonance phenomenon occurs in the mass
renormalization. In the same figure we have also given
the result for λ(eV ) for a broadened band of phonon en-
ergies around ν0. From the theory can be concluded that
the nonmonotonous energy dependence of the effective
electron mass at the characteristic phonon frequencies
is inherent to the nonequilibrium electron distribution
function in point contacts under finite bias condition.
The energy-dependent mass enhancement in a point
contact could cause the observed nonmonotonous depen-
dence of the magnetoquantum oscillation amplitude on
voltage bias. Note from Fig.7 that the inflection point
with negative slope on the A1(eV )-curve should be taken
as the corresponding characteristic phonon energy. Al-
though the exact position of the maxima in the voltage
dependence of the oscillation amplitude changes slightly
form contact to contact, the voltage position of these in-
flection points are usually located at biases larger than
the maxima in the phonon density of states. The the-
ory of the voltage-dependent mass enhancement has been
evaluated in the absence of a magnetic field [14]. It would
be very interesting to include the energy dependence of
the effective mass in the theories explaining the obser-
vation of magnetoquantum oscillations in ballistic point
contacts. We have probably observed such an energy de-
pendence of the effective mass enhancement in the volt-
age dependence of the oscillation amplitude in a ballistic
PC. The ballistic electron transport in a point contact
has the advantage to study the energy dependence of the
effective mass in the absence of thermal phonon smear-
ing.
IV. CONCLUSION
In the present work we have studied the voltage de-
pendence of the magnetoquantum oscillation amplitude
in the resistance of a metallic point contact in a magnetic
field parallel to the contact axis. For the first time it was
found that such a dependence shows a nonmonotonous
increase with structures similar to the point contact spec-
trum for the electron-phonon interaction. Such an ef-
fect was observed for berilium point contacts as well as
for low ohmic aluminium contacts. The possible reason
for the increase of the oscillation amplitude may be due
to the additional scattering of Landau quantized elec-
trons by phonons generated by the accelerated electrons.
These scattering processes of electrons with nonequilib-
rium phonons enhance the contribution of the charge
carrier transport through the contact for the electrons
at extremal Landau orbits. Therefore, opposite to the
usual suppression of magnetoquantum oscillations by im-
purity scattering in a bulk metal, the oscillations increase
with the increasing scattering at applied voltages. If the
scattering with nonequilibrium phonons extends to the
banks of the contact the well-known decrease of oscilla-
tion amplitude is observed (for high ohmic aluminium
contact). The nonmonotonous eV -dependence (i.e. pres-
ence of peaks near the maxima in the phonon density of
states) is possibly connected with the energy-dependent
renormalization of the electron mass in the nonequilib-
8rium distribution of the electrons in a ballistic contact as
defined by the applied voltage.
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